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Optimization of the Contrast Mixture
Ratio for Simultaneous Direct MR and CT
Arthrography: an in Vitro Study
Objective: This study was designed to determine the optimal mixture ratio of
gadolinium and iodinated contrast agent for simultaneous direct MR arthrography
and CT arthrography.
Materials and Methods: An in vitro study was performed utilizing mixtures of
gadolinium at six different concentrations (0.625, 1.25, 2.5, 5.0, 10 and 20
mmol/L) and iodinated contrast agent at seven different concentrations (0, 12.5,
25, 37.5, 50, 75 and 92-99.9%). These mixtures were placed in tissue culture
plates, and were then imaged with CT and MR (with T1-weighted sequences,
proton-density sequences and T2-weighted sequences). CT numbers and signal
intensities were measured. Pearson’s correlation coefficients were used to
assess the correlations between the gadolinium/iodinated contrast agent mix-
tures and the CT numbers/MR signal intensities. Scatter diagrams were plotted
for all gadolinium/iodinated contrast agent combinations and two radiologists in
consensus identified the mixtures that yielded the optimal CT numbers and MR
signal intensities.
Results: The CT numbers showed significant correlation with iodinated con-
trast concentrations (r = 0.976, p < 0.001), whereas the signal intensities as mea-
sured on MR images showed a significant correlation with both gadolinium and
iodinated contrast agent concentrations (r = -484 to -0.719, p < 0.001). A review
of the CT and MR images, graphs, and scatter diagram of 42 combinations of the
contrast agent showed that a concentration of 1.25 mmol/L gadolinium and 25%
iodinated contrast agent was the best combination for simultaneous CT and MR
imaging.
Conclusion: A mixture of 1.25 mmol/L gadolinium and 25% iodinated contrast
agent was found to be optimal for simultaneous direct MR arthrography and CT
arthrography.
R arthrography is recognized as a better diagnostic modality than
conventional MR or CT arthrography for the assessment of the internal
derangement of the joints because of the combination of the advantages
of joint distension, high contrast resolution and multiplanar imaging (1-5). However,
the use of MRI has some limitations. An MR examination is usually time-consuming
and has relatively low spatial resolution so that very small or thin structures, such as
cartilage are difficult to evaluate. In addition, some patients have contraindications to
undergoing MR imaging due to the presence of an implanted medical device, claustro-
phobia or obesity, or the presence of surgical or nonsurgical ferrous metal in sensitive
areas (6).
The advent of multi-detector CT with sub-millimeter spatial resolution has consider-
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Mably increased the quality of current CT arthrography. This
modality has been shown to be useful for the evaluation of
cartilage or ligament lesions, and recurrent menisci or
labral injuries after surgery as compared with the use of
MR arthrography (7-10). Multi-detector CT is also used for
patients with contraindications to MR imaging or MR
arthrography (9). However, CT has lower tissue contrast
than MRI, and thus is limited for the evaluation of bone
marrow or soft tissue. In addition, there is a radiation
hazard associated with CT as compared to MR imaging.
When performing direct MR arthrography, a small gauge
needle is advanced into the joint under fluoroscopic
guidance and a small amount of iodinated contrast material
is then injected through the needle to confirm an intraartic-
ular location. As iodinated contrast is also used for MR
arthrography, it should be possible that direct MR arthrog-
raphy and CT arthrography can be performed simultane-
ously. However, it is known that the use of an iodinated
contrast agent can diminish the T1 shortening effect of
gadolinium. Moreover, it has been reported that if a large
amount of iodinated contrast agent is used for direct MR
arthrography, it decreases signal intensity to a visually
perceptible extent as seen on T1-weighted images, and
degrades image quality due to low synovial fluid intensity
as seen on T2-weighted images (3, 11, 12). Therefore,
determination of the optimal ratio of gadolinium and
iodinated contrast is important to preserve the density of
iodinated contrast on CT and to minimize signal loss on
MRI. 
The purpose of this study was to determine the optimal
gadolinium and iodinated contrast agent mixture ratio for
simultaneous direct MR arthrography and CT arthrography
using an in vitro approach.
MATERIALS AND METHODS
In Vitro Model
An in vitro study was performed using a mixture of 0.5
mol/L gadoterate meglumine (Dotarem; Guerbet Aulnay-
Sous-Bois, Paris, France), 370 mg iodine/mL iodinated
contrast agent (Ultravist 370; Schering, Berlin, Germany)
and normal saline. Solutions with the following gadoterate
meglumine concentrations were obtained: 0.625 mmol/L
(1/800 dilution), 1.25 mmol/L (1/400 dilution), 2.50
mmol/L (1/200 dilution), 5.0 mmol/L (1/100 dilution),
10.00 mmol/L (1/50 dilution) and 20.00 mmol/L (1/25
dilution). The final iodinated contrast agent concentrations
in the mixtures were as follows: 0, 12.5, 25, 37.5, 50, 75,
92-99.9 volume%. The solutions were placed in rectangu-
lar shaped tissue culture plates (6  7 array) (Multiwell;
Falcon, Franklin Lakes, NJ) containing plastic wells of 4
mL volume and the plates (Ed-not the solutions) were
sealed with plastic film, taking care not to entrap air.
CT Imaging
A phantom was set upright for the long axis of the plate
wells to be parallel to that of the CT table at the center of
the gantry. CT images were obtained in the axial plane
using a 4-row multi-slice CT unit (MX 8000; Marconi
Medical Systems, Cleveland, OH). The scan parameters
used were as follows: tube voltage 120 kV, tube current
150 mAs, rotation time 1 sec/rotation, collimation beam
1.0 mm and pitch 0.875. The field of view (FOV) at
acquisition was 220 mm. Image data were reconstructed
within a 512  512  matrix at a slice thickness of 1.3 mm
and a reconstruction increment of 0.6 mm with a D filter
(for bone) (Fig. 1A).
MR Imaging
MRI was performed on a 1.5 Tesla system (Signa
Horizon, Echospeed; GE Medical Systems, Milwaukee, WI)
utilizing a head coil that is used clinically and thus has a
fairly uniform spatial sensitivity near the coil center. The
phantom was placed with the long axis of the plate wells to
be perpendicular to that of the MRI table at the center of
the head coil. The following sequences were acquired in
the coronal plane. 1) Conventional spin echo T1-weighted
sequences with TR/TE (msec) = 500/14, 3 mm slice
thickness, 200  200 mm FOV, 512  512 pixel matrix
(Fig. 1B). 2) Fast spin echo proton-density-weighted and
T2-weighted sequences with TR/TE = 3000/14 and
3000/98, 3 mm slice thickness, 240  240 mm FOV, 256
256 pixel matrix (Fig. 1C, D).
Image Analysis
Digital data were forwarded to a picture archiving and
communication systems (PACS) server (Radmax;
MaroTech, Seoul) and were distributed to workstations.
All images were downloaded onto a local hard drive of a
display workstation prior to interpretation. A 21-inch
liquid crystal display monitor (ME315L; Totoku, Nagaoka,
Japan) with a resolution of 2,048  1,536  8 pixels was
used. A region of interest (ROI) measuring tool (ROI
diameter, 10 mm) as part of the workstation was placed in
the center of the plate wells and CT numbers and ROI
values of signal intensity were measured five times per
plate. Maximum and minimum measurements were
eliminated and the averages of the remaining three values
were then calculated. Graphs were generated by plotting
CT numbers or ROI values of signal intensity versus the
gadolinium concentration at seven different iodinated
contrast agent mixture volume percentages. Scatter
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contrast agent combinations and two radiologists in
consensus identified the mixtures that yielded the optimal
CT numbers and MR signal intensities.
Statistical Analysis
Pearson’s correlation coefficients were used to assess the
correlations between gadolinium/iodinated contrast agent
and the CT numbers/MR signal intensities. The Kruskal-
Wallis test was used to determine if the CT numbers of the
seven different concentrations of the iodinated contrast
mixtures were significantly different. Statistical analysis
was performed using SPSS for windows (version 12.0;
SPSS, Chicago, IL). P values of less than 0.05 were consid-
ered as statistically significant.
RESULTS
CT Numbers
There was a strong positive linear correlation between
the CT number and iodinated contrast agent concentration
(r = 0.976, p < 0.001) (Fig. 2). There was a statistically
significant difference in the CT number among the seven
different concentrations of iodinated contrast agent
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Fig. 1. CT and MR images of tissue plates used in present study. 
A. CT image. 
B. T1-weighted MR image (TR/TE = 500/14). 
C. Proton density MR image (TR/TE = 3000/14, ETL = 5). 
D. T2-weighted MR image (TR/TE = 3000/98, ETL = 12). ETL = echo train length
CDmixtures (p < 0.001). A positive linear correlation was
found between the CT number and gadolinium concentra-
tion (r = 0.041), but the finding was not statistically signifi-
cant (Table 1).
MR Signal Intensities
Iodinated contrast agent mixtures containing iodine at
concentrations of 37.5% or less showed peak signal
intensity as seen on T1-weighted images at a gadolinium
concentration of 1.25 mmol/L. With a greater concentra-
tion of gadolinium, the signal intensity showed a gradual
decrease with increasing gadolinium concentration. In the
remaining iodinated contrast agent mixtures, the signal
intensities gradually decreased with increasing gadolinium
concentrations (Fig. 3). The increase in the concentration of
iodinated contrast agent at a constant gadolinium concen-
tration led to a decrease in MR signal intensity. As seen on
proton-density-weighted sequences (Fig. 4) and T2-
weighted sequences (Fig. 5), the signal intensities decreased
as the gadolinium and iodinated contrast concentrations
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Fig. 2. Changes in CT numbers (region of interest values) at
various gadolinium concentrations with different volume percent-
ages of iodinated contrast agent.
Fig. 3. Changes in signal intensities (region of interest values) at
various gadolinium concentrations with different volume percent-
ages of iodinated contrast agent as seen on T1-weighted MR
images (TR/TE = 500/14).
Fig. 4. Changes in signal intensities (region of interest values) at
various gadolinium concentrations with different volume percent-
ages of iodinated contrast agent as seen on proton density MR
images (TR/TE = 3000/14, ETL = 5). ETL = echo train length
Fig. 5. Changes in signal intensities (region of interest values) at
different gadolinium concentrations with different volume percent-
ages of iodinated contrast agent as seen on T2-weighted MR
images (TR/TE = 3000/98, ETL = 12). ETL = echo train length
Table 1. Results of Correlation Analysis between Concentrations of Iodinated Contrast Agent/Gadolinium
r (P value)
CT Number T1WI-SI PDWI-SI T2WI-SI
Iodinated contrast 0.976 (0.000) - 0.608 (0.000) - 0.619 (0.000) - 0.484 (0.001)
Gadolinium 0.041 (0.041) - 0.719 (0.000) - 0.719 (0.000) - 0.489 (0.001)
Note.─ SI = signal intensity, T1WI = T1-weighted image, PDWI = proton-density-weighted image, T2WI = T2-weighted imageincreased; this effect was more apparent as seen on T2-
weighted images. As seen on T1-weighted, proton-density-
weighted and T2-weighted images, negative linear correla-
tions were found between signal intensity and the gadolin-
ium concentration (r = -0.719, p < 0.001; r = -0.719, p <
0.001; r = -0.489, p = 0.001, respectively, for T1-
weighted, proton-density-weighted and T2-weighted
sequences). Negative linear correlations were also found
between signal intensity and the iodinated contrast agent
concentration (r = -0.608, p < 0.001; r = -0.619, p <
0.001; r = -0.484, p = 0.001, respectively, for T1-
weighted, proton-density-weighted and T2-weighted
sequences) (Table 1).
Determination of the Optimal Concentration of
Contrast Agent
When variations were compared on scatter diagrams of
all gadolinium and iodinated contrast agent combinations,
the proportions of 0.625 to 1.25 mmol/L of gadolinium
and 0 to 37.5% of iodinated contrast were satisfactory in
terms of MR signal intensity. Among these combinations,
the use of a mixture comprised of 1.25 mmol/ L gadolin-
ium and 25% iodinated contrast agent represented an
acceptable compromise of the MR signal intensity and the
CT number. For this mixture, the CT number was 1,298.94
Hounsfield units (HU) and the ROI values of the peak
signal intensity were 1,233.39 as determined on T1-
weighted images, 1,122.64 as determined on proton-
density-weighted images and 371.48 as determined on T2-
weighted images.
DISCUSSION
Based on the results of the present study, if direct MR
arthrography and CT arthrography are performed simulta-
neously, we recommend the use of a mixture of 1.25
mmol/L gadolinium and 25% iodinated contrast agent as
the most appropriate combination for imaging. This
compromise is acceptable not only for MR arthrography,
but also for CT arthrography, as a density of 1,200 HU
provides sufficient contrast (13).
Engel (14) proposed that a gadolinium concentration of
2.0 mmol/L in normal saline is an optimal concentration
for direct MR arthrography as a large effusion excessively
dilutes the 1 mmol/L gadolinium solutions and thus
diminishes contrast. Masi et al. (12) proposed that concen-
trations of 1.25-2 mmol/L were recommended especially
for T1-weighted sequences, and administration of an
iodinated contrast agent should be minimized during MR
arthrography due to a decline in signal intensity. Results of
the present study corroborate the results of earlier studies
where iodinated contrast material might not only compro-
mise for the increase in signal intensity derived from
gadolinium but might also cause a decrease in signal
intensity for all pulse sequences. Montgomery et al. (3)
considered that this effect could be related to an increase in
viscosity or to a reduction in the proton density of the
mixture, whereas Masi et al. (12) proposed that the decline
in signal intensity is most likely due to the magnetic
susceptibility of iodine. In addition, signal intensity loss and
image distortion were more prominent as seen on proton-
density-weighted and T2-weighted sequences in the
present study (Figs. 1C, D, 4). We believe that the suscepti-
bility effect is stronger for those sequences.
Our study differs from earlier studies as we have
evaluated the effect of different dilutions of the iodinated
contrast agent. In our study, peak signal intensities as seen
on T1-weighted sequences were encountered with a
gadolinium concentration of 1.25 mmol/L and iodinated
contrast concentrations of 37.5% or less, and with gadolin-
ium concentrations of 0.625 mmol/L and iodinated
contrast concentrations of more than 37.5%. Montgomery
et al. (3) demonstrated that dilution of gadolinium in 41%
iodinated contrast shifted peak signal intensity curve to the
left compared with dilution of gadolinium in normal saline,
and that highest signal intensity occurred at a gadolinium
concentration of 0.625 mmol/L, whereas peak signals were
obtained at a gadolinium concentration of 2.5 mmol/L with
dilution in normal saline. Our results support the sugges-
tion made by Montgomery and colleagues (3) that when
gadolinium and iodinated contrast agent are used at the
same time, the concentration of gadolinium should be less
than the usual value of 2 mmol/L in order not to lose signal
intensity. We believe that this composition will also
improve signal intensities as seen on T2-weighted
sequences.
In the present study, test solutions at iodinated contrast
concentrations of 37.5% or less produced higher signal
intensity than solutions mixed with saline only at a
gadolinium concentration of 0.625 mmol/L, as seen on T1-
weighted sequences (Fig. 3). Jinkins et al. (15) found that
iodinated contrast agents themselves have a weak T1
shortening effect that results in higher signal intensity than
water as seen on T1-weighted sequences. Our findings
demonstrated that a low iodinated contrast concentration
of 37.5% or less does not have a negative effect on the T1
shortening effect of the use of a low gadolinium concentra-
tion of 0.625 mmol/L, but rather there is a positive or
synergistic effect, although the mechanism is unclear.
The present in vitro study showed significantly higher
CT numbers with the use of iodinated contrast concentra-
tions of 75% or more regardless of the gadolinium concen-
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tration (Fig. 2). We observed marked gross attenuation
decreases in mixtures containing iodinated contrast agent
at a concentration of 12.5% as seen on CT, and we did not
observe any visually perceptible difference between the
CT attenuations of mixtures containing iodinated contrast
agent at concentrations of more than 37.5% (Fig. 1A). To
the best of our knowledge, no report has been previously
addressed the optimal concentration of iodinated contrast
agent to use when performing direct CT arthrography, and
100% undiluted contrast is generally used. Our results
support that this concentration could be reduced to 37.5%
without detrimentally affecting image contrast effects.
Moreover, the use of lower concentrations of iodinated
contrast may result in lower contrast viscosities that would
enhance the delineations of small intraarticular structural
irregularities.
This study has limitations primarily because of its in vitro
design. We are unable to comment on the mechanisms
underlying the interaction between the gadolinium-based
agent and the iodinated contrast agent. An in vivo correla-
tion is warranted to evaluate the further dilution of the
injected concentration due to synovial fluid or large joint
effusions.
In conclusion, the present study shows that a mixture of
1.25 mmol/L gadolinium and 25% iodinated contrast agent
is optimal for simultaneous MR and CT arthrography in
vitro. In addition, we recommend that to decrease the
signal loss of additive iodine, an iodinated contrast agent
concentration of more than 37.5% should not be used for
simultaneous MR and CT arthrography.
References
1. Hajek PC, Baker LL, Sartoris DJ, Neumann CH, Resnick D. MR
arthrography: anatomic-pathologic investigation. Radiology
1987;163:141-147
2. Czerny C, Hofmann S, Neuhold A, Tschauner C, Engel A,
Recht MP, et al. Lesions of the acetabular labrum: accuracy of
MR imaging and MR arthrography in detection and staging.
Radiology 1996;200:225-230
3. Montgomery DD, Morrison WB, Schweitzer ME, Weishaupt D,
Dougherty L. Effects of iodinated contrast and field strength on
gadolinium enhancement: implications for direct MR arthrogra-
phy. J Magn Reson Imaging 2002;15:334-343
4. Sciulli RL, Boutin RD, Brown RR, Nguyen KD, Muhle C,
Lektrakul N, et al. Evaluation of the postoperative meniscus of
the knee: a study comparing conventional arthrography,
conventional MR imaging, MR arthrography with iodinated
contrast material, and MR arthrography with gadolinium-based
contrast material. Skeletal Radiol 1999;28:508-514
5. Zanetti M, Hodler J. Contrast media in MR arthrography of the
glenohumeral joint: intra-articular gadopentetate vs saline:
preliminary results. Eur Radiol 1997;7:498-502
6. Farber JM. CT arthrography and postoperative musculoskeletal
imaging with multichannel computed tomography. Semin
Musculoskelet Radiol 2004;8:157-166
7. Schmid MR, Pfirrmann CW, Hodler J, Vienne P, Zanetti M.
Cartilage lesions in the ankle joint: comparison of MR arthrogra-
phy and CT arthrography. Skeletal Radiol 2003;32:259-265
8. Vande Berg BC, Lecouvet FE, Poilvache P, Jamart J, Materne
R, Lengele B, et al. Assessment of knee cartilage in cadavers
with dual-detector spiral CT arthrography and MR imaging.
Radiology 2002;222:430-436
9. Lecouvet FE, Simoni P, Koutaissoff S, Vande Berg BC,
Malghem J, Dubuc JE. Multidetector spiral CT arthrography of
the shoulder. Clinical applications and limits, with MR arthrog-
raphy and arthroscopic correlations. Eur J Radiol 2008;68:120-
136
10. Schmid MR, Schertler T, Pfirrmann CW, Saupe N, Manestar M,
Wildermuth S, et al. Interosseous ligament tears of the wrist:
comparison of multi-detector row CT arthrography and MR
imaging. Radiology 2005;237:1008-1013
11. Kopka L, Funke M, Fischer U, Keating D, Oestmann J, Grabbe
E. MR arthrography of the shoulder with gadopentetate
dimeglumine: influence of concentration, iodinated contrast
material, and time on signal intensity. AJR Am J Roentgenol
1994;163:621-623
12. Masi JN, Newitt D, Sell CA, Daldrup-Link H, Steinbach L,
Majumdar S, et al. Optimization of gadodiamide concentration
for MR arthrography at 3 T. AJR Am J Roentgenol
2005;184:1754-1761
13. Blum AG, Simon JM, Cotten A, Quirin-Cosmidis I, Boyer B,
Boutry N, et al. Comparison of double-contrast CT arthrogra-
phy image quality with nonionic contrast agents: isotonic
dimeric iodixanol 270 mg I/mL and monomeric iohexol 300 mg
I/mL. Invest Radiol 2000;35:304-310
14. Engel A. Magnetic resonance knee arthrography. Enhanced
contrast by gadolinium complex in the rabbit and in humans.
Acta Orthop Scand Suppl 1990;240:1-57
15. Jinkins JR, Robinson JW, Sisk L, Fullerton GD, Williams RF.
Proton relaxation enhancement associated with iodinated
contrast agents in MR imaging of the CNS. AJNR Am J
Neuroradiol 1992;13:19-27